Introduction
Separation of carbon dioxide from a gas mixture in an industrial context has been demonstrated as feasible using a variety of chemical or physical absorption methods Kanniche et.al. [1] . The preferred absorption process for low concentration (4-15%) or low-pressure CO 2 streams has been a two-compartment absorber-stripper device, using amine solvents. The solvent of choice is monoethanolamine (MEA) for this mature technology. Disadvantages associated with the use of MEA include its corrosive properties, a relatively high vapour pressure with consequent requirements to make up evaporative losses, chemical and thermal degradation occurring in the absorption-stripping cycle, (particularly as a result of impurities -SO x NO x and unburnt oxygen). A further major disadvantage of MEA is the energy cost in the stripping procedure. To regenerate the MEA and strip the carbon dioxide requires considerable energy to heat the solvent to temperatures over 100 ˚C.
Other alternative absorption systems for post-combustion capture are being developed or proposed, Davidson [2] , Rochelle et.al. [3] using better amine solvents, ammonia, amino acids and enzyme absorption. The use of the enzyme carbonic anhydrase/hydratase (CAH) has been proposed by Trachtenberg et. al. [4] , [5] . The objective in this study is to prepare some synthetic catalysts based on the prosthetic group of CAH that mimic the active site of the enzyme, but are extremely stable at high temperatures, and are also not degraded by impurities found in the harsh conditions of carbon capture.
Theory

Amine solvents
Davidson [2] and Rochelle et. al. [3] have reviewed capture by the alkanolamine solvents, (amine solvents). CO 2 is a weakly acidic gas that is absorbed into a solvent containing the amine, (a weak base), where RNHCOOis the carbamate ion. The carbamate ion is formed with both primary and secondary amines, but tertiary amines (and hindered amines) form the bicarbonate ion in a reaction with water as shown below in Equations 1 and 2.
The absorption capacity of tertiary amines is twice that of primary or secondary amines, (from equations 1 and 2 above), however the rate of absorption is lower Davidson [2] , Trachtenberg and Bao [4] . where k a and k b are the forward rate constants of the reactions, Babek et. al. [6] . At neutral pH, 3b is very fast compared to 3a, but at pH >10 reaction 3a becomes the faster reaction Trachtenberg and Bao [4] .
Alkali absorption
Carbonic anhydrase/hydratase
Carbonic anhydrase/hydratase (CAH) is an enzyme found in virtually every animal and plant with catalytic function (equation 3a) of converting CO 2 to bicarbonate (hydration) and the reverse (bicarbonate dehydration). The protein has a molecular weight around 30,000g/mol; zinc(II) is the metallic ion at the active site of CAH, coordinated through three histidine amino acid residues and a water/ hydroxide ligand (water ligand with pKa around 7) to complete the tetrahedral coordination geometry. Carbonic anhydrase is one of the fastest enzymes known with one molecule able to turnover a million molecules of bicarbonate per second, Lindskog and Liljas [7] , and according to Trachtenberg et.al. [5] , the CAH turnover rate is more than 4,000 times faster than MEA. The mechanism of the catalysis by CAH ( Figure 1) Zinc is the metallic ion at the active site of CAH; several model compounds of zinc, (Table 1) , also show activity for hydration of carbon dioxide and the reverse dehydration reaction. Again the zinc atom is the active catalytic centre of these reactions. Christianson and Fierke [10] have concluded that CAH uses a proton shuttle of amino acids to achieve the fast deprotonation of the liganded water to the active liganded hydroxide form for the next hydration cycle, and that the process is also enhanced by a hydrophobic pocket which is an integral part of the CAH metallo-protein. Nakata et. al. [8] have determined that the mechanistic step facilitated by the zinc is the same in both the enzyme and the mimicking complexes which lack the proton shuttle enhancement, therefore CAH is a considerably faster catalyst than these smaller zinc (II) complexes. Further, diffraction studies by Nakata et. al. [8] have shown that a hydrophobic pocket of CAH is replicated in the zinc complexes, but is smaller and therefore not as effective as in the enzymic catalyst. According to Vahrenkamp [11] , the zinc metal ion is apparently ideal for catalytic purposes due to redox inertness, high kinetic lability and low thermodynamic stability.
Inorganic zinc catalysts modeled on the active site of CA
A number of complexes of divalent zinc, cobalt, copper and nickel ions have been prepared as models for carbonic anhydrase II, Ge et.al. [12] , Koike and Kimura [13] , Nakata et.al. [8] , Zhang et.al. [14] , and [15] , Vahrenkamp [11] . Nakata et.al. [8] have published studies of a water-soluble tripodal zinc(II) complex with the ligand -Nitrilo-tris(2benzimidazoylmethyl-6-sulfonic-acid), see Figure 2 ; the complex Zn-L1S; in addition, a sparingly water soluble tripodal complex in which the sulfonate groups are not present -Zn-Tris-(2-benzimidazoyl-methyl)-amine -Zn-L1.
In this study these zinc(II) complexes Zn-L1S and ZnL1 were prepared as well as those of Co(II), Cd(II) and Cr(II). All the compounds were characterised by ultraviolet/visible(UV-vis), infra-red (IR) and nuclear magnetic resonance (NMR) spectroscopy. Stability of these compounds to high temperatures has been shown using Differential Thermo-gravimetry (DTG); the compounds are also stable to pH within the pH 4 to pH 11 range and their activity for CO2 absorption /desorption has been investigated and compared. A suggestion for the use of these compounds in post combustion carbon capture is proposed. [16] . The zinc-L1S tripod, (Zn-Nitrilo-tris(2-benzimidazoyl) methyl-6-sulfonic acid) was prepared by the method of Nakata et. al. [8] . An aqueous solution of L1S and Zn(ClO 4 ).6H 2 O was adjusted to pH 7 with NaOH solution. Addition of ethanol produced a blue-white solid compound. Yield 35%.
Zinc-L1S tripod with nitrate or tetrafluroborate as counter ion:
The original preparation, Nakata et.al. [8] in formation of the tripod complexes, used Zinc (II) perchlorate as the counter ion. Perchlorates are an explosive risk hence zinc (II) nitrate was substituted as a safe counter ion in the synthesis using the same 1:1 molar ratio.
Other metal complexes -M-L1S tripod with nitrate as counter ion:
Co-ordination of L1S was attempted with the nitrates of Cd, Co, Cr, Cu and Fe. Fe failed to co-ordinate and coordination by Cr appeared to be very weak as shown by the spectra (Infra-red spectroscopy, NMR spectroscopy and ES-mass spectrometry).
Immobilization of Zn-L1S onto Silica Spheres:
Tetraethyl orthosilicate was hydrolyzed in the presence of ammonia to give colloidal silica which act as support for the Zn complex. These colloidal silica spheres size have ranges of a few hundred nanometers. In 75 ml of ethanol containing 6 mL of 25% ammonia solution, 2 millimoles of the Zn complex (or the ligand) was dissolved by stirring the mixture. After complete dissolution of the complex, mixture of ethanol and tetraethyl-orthosilicate (21 mL ethanol + 4 mL tetraethyl-orthosilicate) was added and this mixture was kept under stirring for six more hours. After six hours of reaction, the white dispersion was centrifuged to remove the supernatant solution. The resulting precipitate was air-dried, washed with hot water many times to remove any free unbound Zn complex.
Characterization Spectra
Infra-red Spectroscopy:
KBr discs with sample to KBr ratio of 1:10 were run using a Fourier Transform FT-IR instrument over the range from 4000-450 cm -1 .
Nuclear Magnetic Resonance (NMR) Spectroscopy:
Bruker Advance 300 MHz instrument.
Electrospray Mass Spectrometry:
Waters platform II instrument at sample probe temperature of 70 ˚C.
Kinetic measurements
Kinetic measurements were performed by following the weight loss using a conical flask on an analytical balance with 2-5 mL of 1M sodium bicarbonate solutions added to buffer and enzyme as described by Davy [17] . Blank measurements were also performed to take account of evaporative losses and spontaneous dehydration of the bicarbonate solutions at the acidic pH 6.
Results and Discussion
Characterization with Infra-red Spectroscopy.
The infra-red spectra of Zn-L1S, ZnL1Sfs (a second preparation), both with the BF 4 counter ions are shown in Figure 3 . The same complex with the different counter ions (NO 3 -, ClO 4 -) are also shown. The spectra, (separated vertically for clarity), are effectively identical and confirm the formation of the complexes with no difference from the differing counter ions used as starting salts, and all complexes contain the same ligand and the same bonding structure. 
Nuclear Magnetic Resonance (NMR) spectra:
Nakata et. al. [8] has reported the NMR spectra of Zn-L1S and chemical shifts of the benzene protons in the 9 -7 ppm range, and these authors [8] also showed the effects of ion binding and the exchange between zinc bound water and zinc bound anions (viz. thiocyanate, or chloride) in the benzene region of the spectrum. The NMR spectrum of the Zn-L1S complex is shown in Figure 4 . Again the benzene protons are as expected at chemical shifts of 7.9, 7.5 and 7.2 ppm. We have assigned the OH protons at 4.5 ppm and the -NCH 2 protons at 3.5ppm. All of the afore-mentioned chemical shifts were also present in the NMR spectra of the ligand (not shown here). The low field peaks at 2.2, 2.1 and 1.0 ppm were not present in the ligand spectrum before coordination and are conditionally assigned as the CH 2 and CH 3 protons from the solvent ethanol used to precipitate the zinc complex. 
Electro-spray ionisation Mass Spectrometry (ESI-MS):
The Zn-L1S ESI MS with the nitrate counter ion is shown in Figure 5 . The nitrate ions are spectator ions therefore these as well as the datively bound water can be discounted from the molecular weight in the predicted mass spectrum. The remaining molecular structure C 24 H 21 N 7 S 3 O 9 Zn has a molecular mass of 713 Daltons (Da). Due to the overall +2 charge on the zinc metal atom, it is likely that three protons are easily removed to produce a negative ion with 710 Da molecular mass, and this is observed in the ESI MS as shown in Figure 5 . This peak appears to be multiply charged due to its broadness. This suggests that the ZnL1S monomer is also forming dimers and trimers. Model spectra predicted a peak at 354 (found in the measured spectra), and the dimer model predicted a peak at 284 Da (283 Da is observed in the measured spectrum), the trimer model predicted 474.3 Da and the measured spectrum shows 473 Da. The measured ESI MS confirms that the complex and the ligand have been formed as expected, with the predicted structure. 
Stability of the complexes -Differential Thermo-gravimetry
DTG results for the Zn-L1 and Zn-L1S over a temperature range of 20 -800˚C are presented in Figure 6 . The initial small loss of mass at around 100˚C is consistent with loss of water from the compounds, and no further mass loss occurs until the temperature is raised to over 200˚C, which shows the thermal stability inherent in the complexes. Similar stability was shown by the cobalt and cadmium complexes and also for the silica immobilized complexes. This study
Kinetics
The second order rate constants k h cat (M -1 s -1 ) and k d cat (M -1 s -1 ) for the hydration or dehydration reactions respectively as reported in the literature and / or measured in this study are summarized in Table 1 . The very large hydration turnover numbers have not been measured accurately, and are less precise than the smaller dehydration rates, but of the same order of magnitude as published by Nakata et. al. [8] . Davy [17] summarized previous work suggesting the use of CAH to capture CO 2 , Simsek and Bond [21] , and Bond et. al. [22] , Trachtenberg and Bao [4] . The enzyme CAH is a very fast catalyst, but the conditions of its use are limited by pH and temperature constraints on its stability, whereas the metal complexes are comparatively very stable.
The approach suggested here is the use of bulk liquid and catalyst to capture CO 2 from flue gases (at up to 15% of CO 2 ) as bicarbonate at high pH, around 9, and then strip the CO 2 using the same catalyst with lowered pH around 6. The zinc mimetic catalyst is to be used for both the forward and the back reaction, as it is switched from the ligated (OH -/dehydrogenated) active hydration catalytic form to the water ligated (dehydration active form) by passive and active (perhaps electrochemical) control of the pH. The optimum pH for the absorption (hydration) process is at least one pH unit above the pKa of the liganded H 2 O/OHin the catalyst where 90% of the catalyst is in the deprotonated (OH -) active form. For the stripping (dehydration reaction) the pH needs to be at least one pH unit below the pKa of the water ligand in the protonated (H 2 O) form. Lindskog and A. Liljas [5] give the pKa values that apply; for CA the pKa of the liganded water is around 6.9 and for the zinc complexes the pKa's are around pH 8.5, so at pH 9 or above the hydration catalyst function of CAH is favoured, while at pH 6 or below the dehydration function of the CAH catalyst is the active reaction.
Conclusions and Potential Applications
Enhancement by additional pH control in both the absorption and desorption vessels:
We envisage a process in which the flue gas is dissolved in slightly alkaline water (pH ~ 9.5 -10) that contains the Zn-L1S catalyst either in solution or alternatively immobilised onto silica or polymer beads. Following absorption of sufficient CO 2 , the pH drops to around 6.5 or below, the solution is pumped to the desorption vessel, and the catalyst will automatically begin to desorb the CO 2 . When the desorption has occurred (as indicated by a rise in pH to around 9 -9.5, the solution can be pumped back to the absorption vessel for further CO 2 absorption. This process is reversible and the direction of the reaction is subject to the prevailing pH. The optimal rates of absorption occur at above pH 9 when the active catalyst is M-L1S-OH -. Optimal rates of desorption will occur below pH 7.5 when the active catalyst is the M-L1S-OH 2 form. The absorption of CO 2, and the formation of one bicarbonate ion (HCO 3 -) simultaneously releases one hydrogen ion (H + ), causing a decrease in pH. The desorption of CO 2 (and therefore the decrease in bicarbonate concentration), is reflected in an increase in pH as the hydroxide ion OH is simultaneously formed. Potentially, the process is totally reversible, thus the H + and the OH ions are in balance. In practice however, to speed up the reaction rate and to overcome energy losses associated with the activation energies required to maintain the reactions, (these are already reduced by the action of the catalyst), some further enhancements are suggested here. The hydration turnover number is much faster than the equivalent dehydration turnover number. Both turnover numbers (and both rates) have been shown to increase by increasing temperature Davy [17] , but to bring about equalisation of the rates of the two processes it would be advantageous to divert much of the waste heat to the dehydration reaction.
Electro-Chemical enhancement:
Since the optimal absorption reaction rate occurs at slightly alkaline pH, and the optimal desorption at slightly acid pH, electro-chemical control of the pH could be used. Rau [18] has suggested that calcium carbonate may be split electrochemically to calcium hydroxide and that the resulting alkaline hydroxide be used to capture CO 2 . A low voltage direct current system is proposed here to produce hydroxide ion at the anode and hydrogen ions at the cathode, thus further driving the pH changes which control the rate and direction of the metal complex reversible reaction.
Ion Pumping:
Aines et. al. [19] suggested the use of reverse osmosis technology to increase the HCO 3 concentration following absorption of CO 2 . Application of such a process could be used to make the catalytically absorbed CO 2 easier to desorb. The additional electrical power for electrochemical control could also allow production of hydrogen gas that could be offset against the additional energy requirement.
Fly Ash Alkali:
Process Group Pty Ltd (Melbourne Australia) [20] have described the pilot plant use of the power station ash water which contains a high concentration of dissolved calcium hydroxide at alkali pH which is acidified with CO 2 and then precipitated as calcium carbonate. The use of fly ash could be the source of additional alkali for use in the catalysed absorption process.
Conclusion
These studies of several zinc complexes which mimic the catalytic function of carbonic anhydrase, demonstrate that a CO 2 capture system in water may be feasible to reduce the energy penalty and other disadvantages inherent in the current technology using amine solvents. The initial rates of hydration and dehydration that can be achieved by using the zinc catalysts are less than those of the fast CAH enzyme, but can be achieved at moderate temperatures and around neutral pH, at a rate that is comparable with that of amine systems. It is proposed that these zinc catalysts immobilized onto silica matrices could be used as finely divided heterogeneous catalysts instead of the homogeneous systems discussed here. Additional research is to be undertaken to examine further complexes and to develop the laboratory studies for an improved process and scale up.
